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SUMMARY

This report summarizes work performed und r AFOSR Contract AF

49(638)-170 with the University of Utah. The roject was activated early

in 1957 and terminated September 30, 1961. Thl original objective, to

study the ignition of composite propellants, s broadened to encompass

the study of other combustion transientso the being, so far, subjected

only to exploratory investigation. All phases of the work are still in

progress under Air Force Grant AF AFOSR 62-99o
profpropllan

The study of ignition was concerned with 'he respensekofpropellant ..

to externally supplied heat flux0  Both radiant flux from, electrically

heated tube furnaces anld convective flux friom shock-heat,ed gas were.

employed, the former giving fluxes in the range 5 to 50, the latter9 10

eto 300 Btu per Sec, sqo ft. The results, ignition, delay time as a

function of heat flux are correlated*

~ ~ I - ccording to which the ignition~

delay time should be nearly proportion to the square of the heat flux.

The extent of deviation from pro,. onality provides a measure of

kinetic parameters.

The theory predictSthe effect of initial propellant

temperature on the ignition time-heat flux relationship, but is is non-

committal with respect to the effect of pressure. FmlwApo-nlliy6-.

2uA tLe-he effect of pressure on the ignition delay time of perch-

lorate propellants is a function of heat flux level, being very slight,

for the propellants studied, at flux levels above 20 Btu per sec., sq.ft.

Exploratory studies concerned flame spread, effects of aero-

dynamic transients on burning propellant, and the diffusion flame between

large bodies of fuel and oxidant. One firm conclusion is that flame spread

across fresh surface, unassisted by external heat flux to that surface, is

too slow to be an important factor in the overall ignition process0 As

one aspect of the aerodynamic transient studies, a theory of the rarefac-

tion tube was developed* n L e presentet.



I. INTRODUCTION

Research on the combustion transients of solid rocket propellants was

begun at the University of Utah early in 1957, under sponsorship of the UoS6

Air Force Office of Scientific Research, Contract AF 49(638)-170. This is

a final technical report on the work under that contract, three tines extended

to a final termination date of 30 Septemer, 19,61. It will be noted that

several phases of the study are not complete, these being still in progress

under Air Force Grant AF-AFOSR 62-99.

The limited objective originally conceived was to study ignition of

propellants mounted in a shock tube. it was soon discovered, however, that

properly restricted samples, when mounted in the tube wall, could not be

ignited except by chemical participation of the shock-heated environmental

gas. Such ignition was judged unrealistic from the point of view of rocket

ignition practice. Consequently a technique was developed which employed

the shock tube as a generator for hot gas, subsequently used as a source

of convective heat at high, sustained flux levels.

Adoption of the technique of high convective flux required an exten-

sive auxiliary study of heat transfer, this study in turn requiring the

development of ceramic-backed thin-film platinum resistance thermometers

as fast-response heat-flux gages.

To supplement the primary study with high convective flux, a second

ignition study employing black-body radiative flux was conducted. At the

lower flux levels interesting effects of pressure and initial propellant

temperature have been observed.

Other studies, briefly pursued, have been of the diffusion flame

between large bodies of ammonium perchlorate and fuel-binder, of the effect

of shock and rarefaction waves on burning propellant surface, and of flame

spread over fresh propellant surface.

In order of presentation, ignition by radiative flux is discussed

first (Section II). Section II contains an outline of heating and ignition

theory as employed throughout the study. Ignition by convective flux is

discussed next (Section III) Then the peripheral exploratory studies are

discussed (Section IV). Much of the detail, including a discussion of

* rarefaction theory, is placed in the Appendix,



II. PROPELLANT IGNITION BY THERMAL RADIATION

Introduction and. Theoryo

A very convenient technique for the study of ignition of solid

propellants is to subject the propellant surface to a thermal radiation

flux of known intensity and to photoelectrically measure the time until a

flame appears0  The virtues of the technique areg (I) the propellant sur-

face can be viewed and the first signs of ignition and flame detected easily,

(2) the propellant can be exposed to reducing or oxidizing gases under pres-

sure or vacuum independent of the energy source, and (3) if black-body condi-

tions are approached by the energy source, the propellant emissivity is high

and its transmissivity low, the radiant heat flux and variations in heat

flux may be accurately calculated. Also, the propellant surface is not

disturbed by the flow of gas past the surface, as is the case of convective

heat transfer is employed. Unfortunately, with simple apparatus it is

difficult to obtain very high radiant heat fluxes, and propellant ignition

times much less than one-half second are not normally feasible. The rela-

tively complicated arc-image furnace employed by Fishman and Beyer [1]

does produce radiant fluxes comparable to those found in igniter practice

[2]. In the present study, two simple tube furnaces were constructed to

serve as black body sources of radiation. An atmospheric furnace capable

of operation up to 1780'K and a sealed pressure or vacuum furnace capable

of operation up to 1350'K were used.

Altman [3] was probably the first to show experimentally that the

ignition time of a solid propellant can be calculated from unsteady-state

heat-transfer theory in terms of a characteristic ignition temperature.

This surface ignition temperature (T Si) was calculated for the observed

ignition time, e, assuming the propellant to be a chemically passive solid

of constant density, heat capacity, and thermal conductivity.

Hicks showed that TSi should be a weak function of the surface heat

flux. He considered an ignition model in which only exothermic, exponen-

tially-temperature-dependent propellant reactions are considered. One

dimensional heat flow for this model related the propellant temperature

(T) to position (x) and time (e) by the following non-linear differential

.equation..



E 4.

where k, p, and c are respectively the propellant thermal conductively,

density and heat capacity, B is a constant describing the reaction rate,

q' is the energy generated per unit volume by the reaction and E/R is the

propellant reaction activation energy divided by the gas constant. Hicks

obtained numerical solutions to Equation () for semi-infinite slabs heated

at the surface. The end of the ignition period was taken to be the time

when the calculated surface temperature reached an assigned value. For the

case in which the surface heat flux is maintained until ignition occurs, he

found that the ratio of the rate of energy generation at the surface by

exothermic reaction to the rate of energy ab'scrption at the surface for

linear heating (no reaction) wag a co-nstant at ignition time, This concept

leads to the criterion that ignition o'ccurs when the ratio

L

) ~
C

is a known constant. T is the linearly estimated surface temperature ands

the subscript i denotes evaluation at 0.6 If I is characteristic of a

propellant, it has been shown [5] that

Since S is found to be essentially independent of Tsi, a plot of log Gi
2

versus log f should be a straight line of slope slightly greater than

minus one, Experimentally it is found that for a series of tests, the

value of T computed from heat-flux data increases as the surface heat

flux is increased. The criterion indicated by Equation (2) predicts this

eff ect.
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For a constant surface heat flux the linearly estimate surface

temperature (Tsi) can be calculated since

- r wi (4
where T is the initiali uniform propellant temperature and r.=OF for

the propellant0  For a single ignition test with T and f constant,

Equations (2) and (4) can be combined to show that

If Equations (4) and (5) are put into a logarithmic form and differen-

tiated with respect to T for constant f£s the resuing equations can be
0 S5 h eutn eutoscnb

combined and simplified to give the following result:

If Equation (4) is differential with respect to T for constant f, it is

found that at e.

i (7

The significance of Equations (5), (6), and (7) will be discussed later.
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The Hicks model considers homogeneous reaction throughout the propel-

lant; the non-linear temperature dependent term occurs in the differential

equation. While a homogeneous reaction probably occurs in a double-base

propellant, the important reactions in the ignition of the heterogenous

composite propellants probably occur near or at the surface. Gas phase

reactions may also be important. if an ignition model is assumed which

involves only an exothermic, exponentially-temperatu re-dependent surface

reaction and passive response of the bulk of the propellant, the differ-

ential equation relating temperature, position, and time is the normal

one-dimensional heat conduction equation,

eceThe botUniary condition a't x = 0 is

where f is the externally imposed surface heat flux, A is a constant des-
cribing the reaction rate, and ff is the energy generated per unit area at

the surface by reaction. By analogy to the relationship between Equation

(1) and (2), it is anticipated that ignition times can be calculated by use

of Equation (8) and the criterion defined by Equation (9) for constant

values of H.

where T is calculated by neglecting propellant reactions. A is propor-si

tional to the energy generated per unit surface area, fsi the surface heat

flux at the ignition time, and E the activation energy of the rate limiting

surface reaction.
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The rate-limiting reaction may be endothermic. Evenso, if it is

followed iouaediately by a rapid and strong exothermic reaction, the net

effect would be that of an exothermic reaction and the energy generation

factor A would be positive. The criterio ,defined by Equation (9) can be

checked by numerical calculations for the assumed ignition model of a

passive semi-infinite body with an exponentially temperature dependent

surface reaction. For this criterion, a development similar to that

leading to Equation (3) gives

191

Again it is indicated that a plot of log eG. versus log f should be a
i s

straight line of slope slightly greater than minus-oneo For a given slope,

.the E/R values are about one-half the E/R value-s for the same slope, S,

evaluated from Equation (3).

Since Equation (9) implies that T., is not a function of T , the

initial propellant temperature,

If Equation (11) is substituted into Equation (7), it is found

The criteria indicated by Equations (2) and (9) can only apply when

the external surface heat flux is maintained up to the ignition time. In

the tests discussed here, this requirement was met. It is anticipated that

propellant ignition can be characterized by the linearly estimated surface

temperature at ignition (T s) for one surface heat flux, the limiting
51

activation energy (E/R) and the thermal properties of the propellant (r).

Such an approach should yield useful information in a practical form much

sooner than could be realized by a detailed study of the chemistry.
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Apparatus and Procedure.

The atmospheric furnace and the sealed pressure-vacuum furnace used in

this study were identical in principle of operation, and ignition results

j from the two furnaces were in good agreement. The atmospheric furnace is

described in detail in previous reports 5]0 [6], A diagramatic sketch of

the sealed furnace is shown in Figure 1L The furnace-core dimensions were

the same as for the atmospheric furnace. A photo conductivity crystal

mounted to view a narrow angle down the axis of the furnace was used to

detect ignition.

Cut discs of propellant were mounted in sample haolders, the irregular

edges of the discs were covered by aluminum-f4oil washers and the sample

holders were mounted in an injection holder. Figure 2 illustrates the

method of supporting the sample bef ore injection into the furnace6  The

injection holder was pushed into the furnace on the end of a long rod.

Initially this rod was driven by a. long solenoid. The stainless steel core

of the solenois was at furnace pressure. in later tests, the rod was

driven manually through 0-ring seals. As the injection holder was pushed

into the furnace, the surface of the sample was protected from radiation

by a foil shield. When the injection mechanism reached the end of its

travel, inertia carried the sample holder through the foil shield and

exposed the propellant surface to radiation (Figure 2). Tests showed that

the time required to expose the propellant completely was 20-30 msec. The

time interval between the injection mechanism first reaching the end of

its travel and the first light signal detected by the photo conductivity

crystal was taken to be the ignition time.

Atmospheric and vacuum tests were made in air since it was determined

that the atmospheric oxygen did not affect the ignition [61 Tests at

pressures greater than atmospheric were made with nitrogen in the furnace.

Normally the propellant was initially at ambient temperature. For some

tests the initial temperature was intentionally varied, and the injection

holders (inside sealed, insulated tubes) were held in an oven or a cold-

chest several hours before each run. Some condensation of atmospheric

water vapor on the injection holder occurred for tests at -30 and -600C.

Careful shielding and rapid handling minimized condensation on the pro-

pellant surface. In all tests, freshly cut surfaces of propellant were

exposed to the radiation.
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Figure 2. Sample Mounting for the Radiation Furnace.

On the right the propellant sample is

shown mounted in the sample holder. In
the middle the aluminum washer is shown

in position to protect the sample edge.
On the left the sample holder, in the

injection holder, is shown after having
forced aside the aluminum foil radiation
shield.



Results of Radiation Furnace Tests.

Four commercial propallants, three containing ammonium perchlorate

and one containing ammonium nitrate, were used in this study. These

same propellants, designated A, B, 0C and D were used in previously

reported work [5], [6], and [7]. Table ii summarizes the pertinent physi-

cal and ballistic properties of thes.e propellants. This work extended

over a three year period; as explained later, some effect of aging of sealed

samples was observed. All data are summarized in Tables II to VIII.

At, spheric _Pressure Tests.

Atmospheric tests (12o6 psia) were made on all four propellants in

the high temperature furnaces. Figure 3 shows a plot of log e1 versusI

the logarithm of the furnace heat flux for all tests. In each case the

slopes of these lines are slightly greater than minus one as predicted by

Equation (3). Activation energies (E/R) calculated from these slopes and

Equation (3) were approximately 30,0060K for the perchlorate propellants

and 15,000°K for the nitrate propellant. Additional tests were made on

the A propellant in which the initial propellant temperature was -60, -30,

0, 30, and 60'C. If a value for E/R of 30,0000K is taken for this propel-

lant, Equation (6) indicates that

For the 120*C variation in the initial propellant temperature, Equation

(6) indicates that T5 . should vary only 5*C. Equation (11) predicts that

Tsi is independent of T 0 Calculated values of Ts, appear in Table IV.

Within the experimental error, Tsi is seen to be independent of T 0 This

result is useful since it shows that ignition data obtained at one initial

propellant temperature can be used to predict ignition times for different

initial propellant temperatures.
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a

Equation (12) indicates that a plot of e versus T should be a
10

straight line and that the true surface heat flux can be calculated from

the slope of this line and the thermal responsivity (r) of the propellant.

For practical values of the parameters, essentially the same result is

indicated by Equation (7). For a value of r = 2.64 Btu/ihr 1/2 ft2 *F for

the A propellant, f is found to be 92 per cent of the flux calculateds

for black-body furnace conditions. This value is reasonable for the

radiation absorptivity of the surface.

The slopes of all lines shown in Figure 4 are compatible with this

same value of absorptivity. Thus Equation (7) and (12) predict a surface

heat flux in agreement with the independently measured furnace temperature.

Ignition Tests at Non-Atmosp'heric Pressures,

Tests at pressures other than atmospheric were made in the sealed,

low temperature furnace. Figure 5 shows a plot of data for the A and D

propellants. rests at 0,85, 2.55, and 4.25 standard atmospheres were

made with the D propellant. The ignition time of this nitrate propellant

appears to be a strong function of pressure at pressures below atmospheric

and to be essentially independent of pressure at pressures much greater

than atmospheric. This result essentially confirms the data reported

by Fishman and Beyer [1]. All the perchlorate based propellants indicated

the same ignition time dependence on pressure as shown for the A propellant

in Figure 5, or

where p is the furnace pressure. These results are summarized in Table I.

TABLE NO. I

THE EFFECT OF PRESSURE ON THE IGNITION TIMES OF AMMONIUM
PERCHLORATE BASED PROPELLANTS

The Values of n Defined as ei a p-n

Are Tabulated as a Function of Furnace Temperature

Propellant Radiation Furnace Temperature 'K

908 1000 1125 1248 1347

A 0.22 n.d. 0A8 0.19 0M12

B n.d, 0.12 0.11 n.d. 0.10

.C . . 13 . n.-d. 0,-045 0. 00- 0.00.
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In each case the ignition time appears to approach independence of pressure

as the surface heat flux increases. For the three perchlorage propellants

tested, the ignition times should be pressure independent for the normal

igniter heat fluxes, at least for pressures greater than 0.2 atmso

The Effect of Long-Time Storage.

The effect of aging on the ignition times of these propellants

is illustrated at atmospheric pressure by the data summarized in Figure 3.

The earliest testsin the high temperature, atmospheric furnace were made

three years prior to the rests made in the low temperature, sealed furnace.

All propellant samples were held in sealed plastic bags at ambient tempera-

ture during this period. Samples surfaces were cut from the interior

of stored slabs. Within the experimental error, it appears that storage

produced negligible effect on the ignition times for the B, C, and D

propellants, The A propellant showed an apparent increase in ignition

time of a few per cent during the three-year storage period. Visible

discoloration of this propellant occurred during the storage.

Conclusions.

Although these tests have not produced ignition data directly

applicable to high-flux ignition systems, several effects were noted

which can probably be extrapolated beyond the range of the data.

L. The concept of a linearly estimated propellant surface

temperature at ignition appears to be very useful. Equations (3)

and (6), or (10) and (11), quantitatively predict the effects of

surface heat flux and initial propellant temperature on ignition

times. Surface heat fluxes calculated from the effect of initial

propellant temperature on the ignition times and the thermal

propellant properties (Equations (7) or (12)) are in good agreement

with the surface fluxes calculated from only thermal radiation heat

transfer considerations.

2. The effect of pressure on the ignition times of the ammonium

perchlorate based propellants was represented by an equation of

the form of Equation (13). As the surface heat flux is increased,

n approached zero and the ignition times became independent of
.. .... .. ... .. .. . ... .. .. . .. p r e s s u r e 1 - . . . .. . .. .. . . .. .. .. . ... . . . .. ... . ...... .
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3. At high pressureso it appears to be possible to completely

characterize the ignition properties of an armmonium perchlorate in

terms of the surface ignition temperature at one surface heat

flux and the activation energy of the ignition limiting reactions.

Since this ignition temperature did not change greatly for different

ammonium perchiorate propellants, it appears to be possible to

develop adequate approximat methods for predicting the changes in

this temperature in terms of the physical and chemical properties

of the propellant.



III. PROPELLANT IGNITION IN THE SHOCK TUBE

Introduction.

Several previous reports and publications C6][7][8] have discussed

the ignition of propellant samples when subjected to high convective

heat fluxes from hot gases generated in a shock tube. In the previously

reported work C-6], a 1 7/8-inch i.'d. tube with a 52-foot driver section

and llifooc driven section was used to generate hot, bigh-pressure gases

which were passed through a 1/4-inch converging nozzle, past the surface

of a propellant sample and then to the atmosphere through a small orifice,

Testing times up to 60 msec were realized, and ignition times from

3-45 msec were observed. Because of shock wave attenuation in this

small diameter tube, the pressure pulse at the sample position was not

of an ideal form; and the pressure at the sample position increases

20-.30 per cent in the first 2-3 msec after the shock wave reflected.

It appeared that ignition times of 3-5 msec could not be treated in

the same fashion as for longer times. In order to extend the experiments

to shorter ignition timesq a 4-inch i.d. tube was used in later tests.

Also, a comparison of ignition data in the two tubes gave an opportunity

to detect any errors in the data which might be thi result oi apparatus

characteristics. Heat transfer tests were made with this tube, and a

discussion and the results of these tests are given in Appendix A.

The propellant ignition results are discussed below. A detailed

discussion of the work is contained in reference [13].

Apparatus and Procedure.

Figure 6 is a schematic sketch of the 4-inch i.d. shock tube

installation. The driver section was 15.5-feet long; the driven section

was 26-feet long. Mixtures of helium and air at 150-350 psia were used

as driver gases to produce shock waves in air, nitrogen and oxygen. The

matched interface technique was used when producing shock waves of Mach

numbers from 2.0 to 4.0. The propellant samples were mounted in the

triangular test section shown in Figure 7. This test section was mounted

in the end of the shock tube driven section opposite the diaphragm



Lai i

00

u-I

'L'a.

LUU

uI-
.0

_ US

in0 <

tJ'

Cw



I EQUILATERAL TRIANGULAR 03 IMEE

HOLE 061 SI DES QUARTZ w DWS

SAMPLE'

4000

0 0 I

. 7W ..A

_______LOL ORIFIC

-" II-T r I' Ii II '

l ~ Figure



IPROPELLANT SAMPLE HOLDER

PRO PS'ZLA N T TPV

A 06

- ~'5FA L'

- -- -- - -- -

ncare 8



22.

position. The propellant sample was held in the sample holder (Figure

8) with the propellant surface forming one side of the triangular duct.

Quartz windows formed the other two sides of the duct. The propellant

surface could be viewed by a photocell or a high-speed camera through

one window. If desired, the propellant surface could be illuminated

by a strong light source through the second window.

With the side of the flow control orifice (Figure 7) open to the

atmosphere sealed by a small piece of tape, the pressure and gas com-

position in the driven section could be adjusted to any desired value,

Air and helium were mixed in the driver section, The gases were introduced

through a small pipe running the length of the driver section. Each

gas entered the driver section through small holes drilled at 6-inch

intervals in the pipe. When the desired driver gas pressure was obtained,

a scribed, copper diaphragm was burst by a solenoid=driven plunger.

The shock wave generated by bursting the diaphragm passed down the driven

section and reflected from the end of the tube and the test section.

The hot, high pressure gases generated by the shock wave passed through

the triangular nozzle, flowed across the propellant surface, and then

expanded to atmospheric pressure through a flow control orifice

Circular orifices of 1/4, 5/16 and 3/8 inch diameter terminated the

triangular duct, The duct area was equivalent to a hole of 1/2-inch

diameter,

The pressure pulse at the sample position approximated the pulse form

predicted from ideal shock tube theory (Figure 9), and essentially constant

pressure (and gas flow rate) was maintained at the sample position for

6-12 msec, The incident shock wave velocity was measured over three

5-foot intervals in the driven section. The gas temperature behind the

reflected shock wave was calculated from the wave velocity. The observed

pressure measured during each run and the calculated gas temperature were

suitably combined with the results of the heat transfer study to permit

calculation of the heat flux to the propellant surface.

The surfaces exposed to the hot gases of all propellant samples were

cut with a sharp razor blade just prior to a run. Thus, surface aging

effects were eliminated. The tests were made with the samples at room
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temperature. As indicated in Figure 8, the edge of the samples was

carefully restricted to prevent gas flow between the side of the sample

and the sample holder wall, An acrylic resin inhibitor was used in

nitrogen and air, and an inorganic copper oxide-phosphoric acid cement

inhibitor was used in oxygen. A description of the propellants used in

this study is given in Table II.

Results,

The results of this ignition study are sunmarized in Tables IX-XVI

and in Figures 10-15. In these tests, the ignition time (0 ) was defined

as the interval between the arrival of the shock wave at the sample

position and the first indication of a light signal from the propellant

surface. Typical oscilloscope traces are shown in Figure 9. The brief

signal seen coincident with the shock arrival apparently was the result

of atmospheric dust and was neglected. Figures 10-15 are logarithmic

plots of the square root of the ignition time versus a calculated surface

heat flux. For tests in air and nitrogen, in which the surface was heated

almost exclusively by convective heat transfer, the surface heat flux

was taken to be that constant flux which would heat the propellant to

the lineatly estimated ignition temperature in the observed ignition

time. In the tests in the 1 7/8-inch tube, when oxygen was used in the

driven section, it appeared that the convective heating was supplemented

by the effects of chemical reaction. For these oxygen tests, the surface

flux was taken to be equal to the product of the surface heat transfer

coefficient and a mean temperature difference between the gas and solid

surface temperature and the initial propellant temperature. This calculated

flux made possible the presentation of air, nitrogen and oxygen data

in one plot. Only qualitative results can be inferred from such a plot

for the ignition results in oxygen, For oxygen tests in the 4-inch tube,

the data have been plotted in the same fashion. If no reaction occurs

between the oxygen and the propellant, both techniques for calculating

the surface heat flux give essentially the same value for the flux.

In all cases, the data from the 4-inch tube are compared to the

results from the 1 7/8-inch tube. In Figures 10-15, data labled "Baer"

were obtained in the 1 7/8-inch tube; all other data are from the 4-inch

tube. Because the duct area at the sample position for the 4-inch tube
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and the 1 7/8-inch tube were in the ratio 2:1, data from the 4-inch tube

in which a 1/4-inch orifice was used are directly comparable to results

from the 1 7/8-inch tube with the 1/8-inch orifice. To obtain ignition

in the shorter test times available in the 4-inch tube, higher fluxes

were required. These fluxes were obtained by using larger (5/16, 3/8)

flow control orifices.

The data for A propellant ignition is summarized in Figure 10'. The

results for ignition in air are in very good agreement. with the results

from the I 7/8-inch tube. For ignition in oxygen, the results in the

4-inch tube indicate that (for the large orifices at least) the oxygen

does not strongly affect the ignition9 and essentially the same ignition

times were obtained in air as in oxygen. In the previous tests, oxygen

in the gas phase was found to reduce significantly the ignition time.

It appears that the higher gas velocities associated with the larger

flow control orifices produced surface disturbances which interfered

with the oxygen-fuel reaction.

Ignition of the B propellant was obtained only under special conditions

and in most cases, the burning was stopped by the rarefaction wave.

Figure 1 shows the results of tests obtained in air and oxygen in the

4-inch tube. Again the results are in agreement with those from the

previous work. The oxygen appears to produce little or no effect on

the ignition when the large orifices were used,

Ignition tests on the C propellant in the 4-inch tube were somewhat

more extensive than for the other propellants. In the previous work in

the small shock tube, the C propellant was found to be easily ignited,

and a further sttdy at shorter ignition times was indicated, The results

of tests in the 4-inch tube are shown in Figures 12, 13, 14, and 15.

Some effect of the orifice size was detected in these tests. The high

velocity of the gas flowing past the propellant apparently had an adverse

effect on the ignition process. Figure 14 shows results of tests from

both shock tube studies; and indicates that with comparable orifices,

the ignition results were similar. The comparison shown in Figure 15

for runs in nitrogen shows poor agreement between the tests in the two

shock tubes. Since only the large orifices were used in these nitrogen

tests in the 4-inch tube, it appears that the adverse effect of the high

gas velocity at the propellant surface produced. this- -difference.

I
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Conclusions.

1. For the same conditions of gas pressure temperature and velocity

at the propellant position, the ignition times observed in the 4-inch

tube were in very good agreement with the results previously reported

for tests in the 1 7/8-inch tube, This shock tube ignition technique

thus appears to yield results that are not characteristic of a single

apparatus.

2. Since the gas velocity at the throat of the flow control orifices

is sonic, high gas velocities are obtained at the sample surface as

the ratio between the duct area at the sample to the orifice area

approaches one. With ratios less than 4:1, an effect of the gas velocity

was noted. The ignition times for the C propellant appear to be functions

of this ratio and the effect of oxygen in the gas phase on the ignition

process appeared to decrease as this ratio approaches one.

3. Because of the complications introduced when the ignition time

is a function of the gas velocity as well as the surface heat flux,

the most easily analyzed data were obtained with high duct area to orifice

area ratios, In practical operation, this condition restricts the maximum

heat fluxes available to the values which give ignition times greater

than about 5 msec. As a consequence of this restriction , the 4-inch tube

possesses no advantages over the 1 7/8-inch tube for ignition studies.

4. The unusual ease of ignition at high fluxes of the C propellant

was again demonstrated, but the reasons for this characteristic are

still not completely understood. The unusually fine particle size of the

ammonium perchlorate in this propellant is probably linked to its ease

of ignition.



IV. EXPLORATORY STUDIES

Diffusion Flame Experiments.

A widely held belief with regard to the combustion of solid propellants

is that the strongly exothermic reactions occur in the gas phase between

the vaporized decomposition products of propellant ingredients. It

is to be expected that valuable information about the burning process

can be obtained if the gaseous reactants are generated separately, then

brought together for reaction. The technique used in an attempt to do

this employed a diffusion flame between a large body of pressed ammonium

perchlorate and a large body of binderfuel-the phenomenon described

as a "chemical arc."'  Energy feedback from the flame zone decomposed

the fuel and the oxidant, thus supplying reactantso

The oxidizer bodies, pressed at ablout 105 psi° to greater than

99 per cent theoretical density were disks, 0.25, 0.5 or 1 inch in diameter

and about 1/4-inch thick. Fuel bodies were of comparable size. Ignition

was achieved with a hot wire pressed between the two bodies, When the

flame was established, the bodies were separated. When the fuel was

butadiene-MVP rubber, the flame was stable for separations up to about

3/8 inch, pressure being atmospheric. The process was studied visually

and with the help of high-speed cinematography.

Mechanical difficulties arising from cracking and spalling of the

perchlorate pellets under thermal stress and difficulty in controlling

the geometry of the burning system frustrated the taking of quantitative

data. The experiments were therefore discontinued after about 100 tests,

Some interesting qualitative information was obtained. The light

intensity of the flame, and the regression rates of both substances

increased markedly as the separation distance was reduced, probably due

largely to the more concentrated energy release and more effective

energy feedback, also to the decrease in heat losses as the separation

decreased. The luminous part of the flame was definitely in the gas

phase, away from the ammonium perchlorate surface.

During many of the runs, small whiskers were seen, apparently

-growing from -the -perchlGate- face-, They were iast numerous and large
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near the edges of the oxidizer pellet, smaller and sometimes absent near

the center of the surface. As observed in the Fastax shotsi they grow

to full size rapidly, in less than I to 2 milliseconds, then lose and

grow new branches during their life span, which ranges from a few

milliseconds to several seconds. These whiskers remain on the surface

after the flame is quenched. Observed under a microscope, they are

lacy dendritic structures of about o005 to o01 inch in longest dimension,

with a few reaching lengths of up to 605 inch. Their configuration is

stable; they do not change appreciably in several days.

Chemically, it has been established only that they are not ammonium

chloride. The present interpretation is that the ammonium perchlorate

sublimes from the surface, which consists of superheated material in

the normal, low-temperature orthorhombic form, then condenses on surface

irregularities in the more stable, high temperature cubic form. If this

is so, then the surface temperature is established as being greater

than the phase transition temperature (240 deg. C.) but less than the

normal sublimation temperature of the cubic form. No X-ray analysis

for crystal form has been attempted, it being presumed that reversion

to the orthorhombic form would occur before the analysis could be

performed0

Effect of Pressure Changes on Burning Propellant.

The steady burning of a solid propellant is a complex sequence of

interrelated and coupled processes. There is no reason to expect-

indeed, one would not expect-that empirical and quasi-theoretical

descriptions of it will apply also to transient burning. In particular,

the familiar equations relating burning rate to pressure are expected

to fail if the time characteristic of the pressure change, as measured

perhaps by Ip(dp/dt)-1[, is not much greater than the relaxation time

associated with establishment of a new steady state0 This failure is

suspected in the study of the ignition transient, thrust termination,

and such irregular combustion processes as oscillatory burning and

chuffing.

The relaxation times for combustion are, therefore, of considerable

interest, and quantitative information is scarce, The logical attack

on the probelm of providing the information is to observe the response

-of-burning propellant- to suddenly.appiiet pressure changes. On the-
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intuitive supposition that relaxation times are of the order of I to 10

msec., the investigators in the project have considered that controlled

shock waves (characteristic time less than one microsecond) and strong

rarefactions (order of 001 to 10 msec.) may be used,

One-half-inch strands were mounted in the driven section of a 4-inch

shock tube and ignited on the end facing the approaching shock wave.

The end plate of the driven section was left off, so that burning took

place at atmospheric pressure and the shock wave was not reflected.

The burning surface was observed by means of high speed photography

through a window in the tube wall. in the few experiments performedR

it was observed that the propellant was extinguished before arrival of

the rarefactiong presumably by the high-velocity (about 900 ft. per

sec.) gas following the Mach 1.5 shock waves. The resultsq considered

of no general value, are not reported in detail. Future work will employ

samples mounted in the driven and end-plate5 also higher pressures and

weaker shock waves.

The rarefaction work was somewhat more extensive, and is prolceeding

on the basis of theoretical considerations investigated during the

period of this contract. Because the theory of the operation of a rare-

faction tube is not widely known, though the underlying principles have

long been understood, the theory is presented in some detail in Appendix B.

A rarefaction or expansion wave can be produced in a pressurized

tube when a diaphragm is burst at one end. The pressure ratio across

the rarefaction can be varied by changing the properties of the gas in

the tube and by installing nozzles of different areas at the tube outlet.

The wave diagram in Appendix B illustrates the movement of the head and

foot of the rarefaction after the diaphragm is burst. The gas in the

tube is initially at P 0 The head of the rarefaction moves into the0

undisturbed gas at the velocity of sound in that zone, The foot follows

the head at a lower velocity, with the result that the wave becomes

wider as it moves into the tube. The pressure after the passage of the

rarefaction is P1. The head and foot of the rarefaction reflect off

the closed end of the tube. With the passage of this second rarefaction

the pressure becomes P2, Each of the zones, 0, 1, and 2, is (ideally)

at a uniform state and velocity. The gas in zones 0 and 2 is stagnant;

the gas in zone 1 is moving toward the nozzled outlet.
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Propellant sq4-Ands 1/2-inch in diameter and 2- to 4-inches long

were mounted in the closed end of a 4-inch diameter rarefaction tube.

In most tests the end of the sample was cut at about a 45 degree angle

so that the burning surface was visible through a 1-1/2-inch diameter

window in the side of the tube. Nitrogen gas was used to pressurize

the tube to prevent gas phase reactions with the propellant ignition

products. Nozzles giving pressure drops of 30 to 74 per cent (i.e.

P2/P from 0.7 to 0.26) were used.
0

The results in Table XVII were obtained from measurements of light

intensity by means of a photocell and from observations of the burning

surface using high-speed photographyo It will be observed first that

the propellants burning with greatest stability are those observed, in

the ignition study, to be most easily ignited, The results at hand

su-ggest that it is the fractional change in pressure (or rate of change

of log pressure) that determines whether the flame is stable. This

tentative conclusion is compatible with the premise that for stability,

the relaxation time of the combustion process must not be much greater

than the characteristic time of the rarefaction, p(dp/dt)- Ciepluch

[9] assumes that the time rate of pressure drop, dp/dt, is the decisive

variable.

It was mentioned in Table XVII that a flash of light was seen during

runs with C propellant. The intensity of the light signal was at times

higher after the first rarefaction than before its passage. A flash

of light was also seen in the high speed motion pictures. With the arrival

of the rarefaction the flame was pulled away from the surface. After

the rarefaction had passed the flame flashed back to the surface with an

intense light signal. The two aluminized propellants did not show this

effect. It is speculated that the presence of aluminum accounts for the

difference.

Flame Spread.

The role of flame spread in the overall ignition process has been

briefly investigated with the composite propellants. Slabs of propellant

two inches long, one-half to three-quarters inch wide, and of thicknesses

from one-sixteenth to one-half inch were cemented to an inert base.

The edges were lightly restricted; the top faces were freshly cut surfaces.

The. slabs were ignited -at -one of the- short end-s. The f-flowing- ebservations,

were made for burning at atmospheric pressure:
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(1) With the thinner slabs (to one-eighth inch), burning occurred

on a fiat surface forming an angle of approximately 45 degrees

with the unburned top surface. The rate of flame spread, the

speed with which the flame edge progresses along the unburned top

surface, is the normal burning rate times the secant of this

angle, or about 1.4 times the normal burning rate.

(2) Thicker slabs (one-fourth inch to one-half inch) were ignited

near the base of the vertical edge. The flame spread to the

top surface, where it established the canted burning surface

observed on thin slabs. The canted burning surface grows at

the expense of the original vertical burning surface until the

latter disappears. While both burning surfaces are present,

the two corresponding jets of hot gasses and particles are

quite distinct,

(3) I-he same behavior was observed for slabs cemented to a thin

sheet of copper instead of an insulating material.

(4) A blast of air opposing the advancing flame on the top surface

prevents the formation of the canted burning surface.

One-eighth inch slabs were similarly burned in a window bomb at 250

psi, The canted burning surface was again observed, again at an angle of

about 45 degrees to the unburned surface. The normal burning rate and the

rate of flame spread appear to have the same pressure dependence.

This study has yielded an interesting by-product in the observation

that there are two modes of aluminum behavior at the burning surface. In

propellant A, containing only two per cent aluminum, most of the aluminum

particles appear to explode on the surface, In propellant Eq containing

12 per cent aluminum, the particles are blown away from the surface.

The bright color of the aluminum particles on the surface testified

that the temperature of the aluminum is much higher than that of the

rest of the surface, The hot particles, whether exploding at the surface

or being blown off, provide a continuous source of ignition, and thus tend

to stabilize the flame position. The combustion process is therefore less

able to couple with the amplify pressure fluctuations than when aluminum

is absent. This is offered as a Prtial explanation of the effectiveness

of aluminum in supressing severe oscillatory burning.
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The results of the flame spread work suggest that flame spread is

too slow to contribute significantly to the ignition process. The rapid

growth of the burning zone when large surfaces are ignited in rocket

practice does not proceed by the mechanism of flame encroachment on new

surface from adjacent burning surfaces. it is, for the most part, simply

delayed ignition by externally supplied heat flux, part (or in extreme

cases all) of which is provided by other propellant ignited earlier



APPENDIX A

HEAT TRANSFER

For analysis of ignition data from the shock tube tests, it was

necessary to have some knowledge of the heat transferred to the propel-

lant surface, Heat-transfer rates for the transient heating by convec-

tive heat transfer in the shock tube were obtained in an independent

study. Heat fluxes were calculated from temperature-time traces obtained

from heat-flux gages mounted at the propellant position in the test

section. The heat transfer rates to these gages were translated to

equivalent heat transfer to the propellant from knowledge of the thermal

properties of gages and propellants. In the course of this work three

independent heat~transfer studies were conducted since three different

test sections were used with two different shock tubes,

Heat-flux gages for these tests were prepared by painting and firing

a thin film of liquid Bright Platinum No. 05-x manufactured by Hanovia

Chemical and Manufacturing Company on substrates of glass, soapstone,

pyroceram and alumina. This procedure produced a thin platinum film

0.1 to I micron thick on the surface of the substrate The thermal

responsivity, F, of tne substrate and temperature coefficient of the

platinum film of the gages were measured. The surface temperatures

of the substrate are measured by the thin-film, platinum resistance

thermometer. For short-time intervals, the theory of heat conduction to

a semi-infinite solid may be applied and surface temperature-time data

used to obtain heat flux at the gage surface. With an appropriate record-

ing circuit, very accurate temperature-time relationships can be obtained

for the 50-60 millisecond test time. Details of the gage construction

and theory and of the elctrical circuity can be found in references [2],

[5], [10], and [13].

During tests in the shock tube, the surface temperature at the heat-

flux gage increased discontinuously as the incident shock reflected from

the end of the test section. The temperature then increased continuously

until the first rarefaction waVe arrived at the test section. At high

Mach numbers, the diffuse interface was sufficiently close to the end of

the shock tube to allow some ol the cold driver gas to mix with the

processed gas and enter the test section 15 to 20 milliseconds after the

start of the test. This effect influenced heat transferin the test section.-

before the rarefaction wave arrived,
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The magnitude of the initial, discontinuous temperature jump was a

function of the incident shock Mach nutber and pressure behind the

*reflected shock for the conditions empl6yed. This relationship was

determined experimentally and results are shown graphically in Figure

A-i. The results tabulated in Tables XX and shown by Figure A-I are for

different test sections with bell-mouthed entrances. These sections were:

(1) a circular cross-section with a plastic entry nozzle, used at the end

of the 1 7/8-inch diameter shock tube; (2) a triangular cross-section

with a fired soapstone bell-mouthed entry, used at the end of the 4-inch

diameter shock tube; and (3) a rectangular cross-section with a steel

entry nozzle, used at the end of the 1 7/8-inch diameter shock tube.

The gas flow in each test section was controlled by a critical flow

orifice downstream from the test section. Figure 7 shows the triangular

section. Experimental results for the I 7/8-inch and 4-inch diameter

shock tube with glass and soapstone inlet sections show good agreement,

except for large Mach numbers. Recent results with the third test section

and the 1 718-inch shock tube gave lower values of the initial temperature

rise for all Mach numbers. This discrepancy is assumed to be the result

of energy loss to the steel entry nozzle. Complete data obtained with

Section No. 1 are given in references [5] and [6].

In tests in the 1 7/8-inch shock tube it was found that after the

initial temperature rise, the increase with time of the surface temperature

of the gage fit the relationship for the surface temperature of a semi-

infinite solid heated from a constant temperature source through a constant

surface heat transfer coefficient:

-_ Ie Al)
-- tZ (Az)

where T s, T, and T. are temperatures at the gage surface, gas temperature,

and jump temperature, respectively; h is the surface heat transfer

coefficient,
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The thermal responsivity of the gage, V, is the square root of the

product of thermal conductivity, specific heat, and density of the gage

substrate. Equation <A-l) can be derived from transient heat conduction

theory if one assumes a total heat flux which is the sum of two fluxes,

one proportional to the reciprocal of the square root of time and a second

proportional to the solid-surface-to-gas stagnation temperature difference.

The second proportionality constanit is the heat transfer coefficient [5].

Although Equation (A-i) appeared to represent adequately the gage

surface temperature-time relationship for 50-60 millisecond testing

time in the I 71-inch shock tube, a more complicated expression was

needed to represent this relationship in the 8-lO millisecond testing time

in the 4-inch tube, This result is given as follows:

A' ii~ f~ 7PA).y~~9'~A' 4

where b is a factor which accounts for the shock wave amplification as

it passes into the converging channel, T is the initial gage temperature,

According to the theory,b should be equal to the ratio of thermal response

values of air to solid. Because the density of air is a function of

temperature it was necessary to determine this factor experimentally.

The apparent thermal response for air (P a) was about twice the valuea

calculated from the properties of air. The factor b is 1.3 to 1.4 and

can be calculated from shock tube theory. A detailed discussion of

Equation (A-3) is found in reference [13].
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Heat transfer coefficients determined from all the temperature-

time data are shown in Figure A-2. Data from test sections No. 2 and

Nob 3 are given in Tables XIX and XX. These heat transfer coefficients

can be represented by an equation of the form

T Y (A4),
where h is the heat transfer coefficient, T is the gas stagnation

g
temperature and G is the gas mass velocity past the gage surface. With

critical flow at the control orifices, mass velocities could be calcu-

lated from the effective orifice area and the stagnation state of the gas.

For the 1 7i8minch diameter shock t ube with either a circular or

rectangular test section with a bel1lmiouthed inlet, heat transfer coeffim

cients could be represented by:

I~l~ 1.0i T 0  ,(A S)

for h in Btu/(hr)( ft2 ),(rF); T in 'R and G in lb/:(sec ft2)
g

Iverson, etal., (11] in an approximation to the Latzuko solution for

steady-state point heat transfer in a circular duct following a bell-

mouthed inlet arrived at an experimentally confirmed equation in the

form:

k 107 -I-043 6&0. 78 9
in the same units. For the range of mass velocities studied, the trans-

ient coefficient calculated from the data of this study are 15 to 20

per cent less than values predicted by Equation(A-5).

Heat transfer coefficients for the triangular cross-section test

section of the 4-inch diameter schock tube during the 8-10 millisecond

test time were 10-15 per cent higher than observed in the 1-7/8-inch

tube. These values could be represented by:

In the triangular section the gas mass velocity at the surface of the

gage was probably higher than the average mass velocity calculated and

used in Equation (A-7). This effect presumably accounts for the higher

heat transfer coefficients.
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In recent studies heat-flux gages made of different substrates

were used. Three substrate materials, alumina, pyroceram, and pyrex

glass with thermal responses of 25.1, 5.45, and 4.44 Btu,/(hr)Y(ft2)(6F)

respectively were used in these tests. Essentially the same values

for the heat-transfer coefficient and the intital temperature rise

(corrected for the V value) were obtained for all gages. These results

confirmed earlier assumptions that surface temperatures of propellants

with P's of about 2.5 Btu/ft F(hr)2 o could be calculated directly from

transient heat-transfer results.

[4



APPENDIX B

-RAREFACTION TUBE THEORY

Below is developed an approximate tcentered wave" theory of the

rarefaction tube. Predictions based on it are compared to those based

on less convenieltt exact theory and to the results of tests made in a

one-inch tube. Symbols, in general different from those used in the rest

of the reportj will be defined as they are introduced.

The rarefaction tube as employed in the work at the 'University of

Utah is a cylindrical tube of length LO cross-sectional area A, closed

at otle end and terminated at the other by a rounded nozzle, throat area

A . The function of the nozzle is to control the flow rate. The nozzle

is closed with a diaphragm which, when the tube contents have been

brought to the desired pressure, is ruptured. The history of occurrences

in the tube after diaphragm rupture is shown on the wave diagram, Figure

B-io Distance measured from the nozzle is x or 5 = x/L in reduced
aot

form and time from diaphragm burst is t or C = in reduced form, a
0

being the speed of sound in the undisturbed gas.

The objective of the theoretical development would be, ideally,

to describe occurrences near the sample position, closed end, in terms

of the controlled parameters, A m/A ; the initial temperature and pressure

of the undisturbed gas, p and To; and the properties of the gas as

represented by the isentropic constant,YV,

where p is pressure, p is density. It turns out, however, that it is

more convenient to use a in place of T , n in place of 7, where0

and a3, which is a1/ao, a1 being the speed of sound of the gas in Zone 1.

Numerical subscripts refer to zones shown on the wave diagram.

T
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The following assumptions will be made:

1. The gas flow is one-dimensional and non-viscous,

2. The gas behaves as an ideal gas with constant heat

capacity.,

3o All gas expansion is isentropic,

4# The gas velocity at the nozzle throat is sonic.

5. The incident rarefaction wave is a centered Wave.

The first assumption is the least sound, being worse for stronger

rarefactions. A method to account for the effects of friction is

described briefly later. The fourth assumption can be assured if, in

the experiments, ambient pressure is less than critical, referred to p1.

The isentropic relations are

(B-1)

Use is made of two equations from the theory of waves and characteristics-

d u - d y' - (B-2)

The first, when it is noted from Equation (B-i) that,

4 -- I~a

integrates to

IA a' , (T (-a- (B-3)

where the primes indicate reference values.

-If the undisturbed gas is taken as reference

and gas velocity is taken as positive to the right, = a- A'= /=

The Mach number in Zone I is

.. l (B-5)C..2 'r-
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Until the return of the reflected wave (at a time later than shown

on Figure B-1), steady flow conditions exist at the nozzle. Continuity

gives

A (B-6)

A,,

where subscript m refers to zoniditions at the nozzle throatb The concept

of the steadyflow isentropic stagnation conditionr for Zone 1 can be

invoked;

(B 7)

If Equation (B-5) is used to eliminate M.

--- .r- ,+ ('-&) V.L.!6o

As sonic velocity ex.Ists at the throat of the nozzle, N = 1, and
m

When T-s is elimin.ated from the last two equations,

(B-8)

As flow is isentropic,

(B-9)

Also

CL -a -c o5 (B-10)
T
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Densities and velocities are replaced in Equation (B6) by their

equivalents from Equation (B-4, B-9, and B-10), then TJT is

eliminated by means of Equation (B-8):

- ('.-d ( v~-~-i ii(B-1l)

Thus the nozzle area ratio is related to ai and n. The problem

remaining is to relate the process at the closed end of the tube to

these two variables. It is interesting to note in passing that for

the maximum val-"e of Am /A = 1, the minimum value of C1 is obtained,

(n-!L) /n. According to Equation (B-4), the maximtum Value of M is

therefore unity,

The Wave Diagram.

For region bounded by lines A, B, and C, lines of constant state

(and therefore of o) the wave equation (second of Equation (B-2)) is

In reduced fcrm. after u is eliminated by Equation (B-4) (with sign

change to account for direction)

which, integrated from (o,o) to (.t) gives, with rearrangement

=- : R - + -
T- - (B- 12)

Line C is a characteristic with the equation

which similarly becomes

- "n-'" Z i-'
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Integration gives 9(T) for line C.

or, in the more useful parametric form,

'B-13)

Both Equation (B-12) and Equation (B-13) apply for 1> a, o Line C

terminates at (r T), where u = a.i

The analysis to this point, rigorous wit dn the limits imposed by

the original assumption, permPits determining the point (si, ) useful

below. The objective is to locate the point (1, L ) and determine the

value of a there. This gives a (T) and, with the help of Equation

(B-I), p ,,t) at 1 3.i The procedure is to focus on. Line D, which begins

at ( r) and terminates at l, L) and to treat it in the same
1aL

manner as has just been uscd for Line C.

An additional assumption is made, namely that the reflected wave,

bounded by Lines E and F, is a centered wave, radiating from ( -. , C 0o) 9

the intersection of E and F extended. This assumption is not compatible

with the original assumption that the incident wave is centered, as

pointed out by Rudinger [12]. The error introduced will be discussed

later0

For the reflected wave (where 5< ), Equation (B-3) gives, for

LL' (6- -- (B-14)

This is introduced into the second Equation (B-3), with sign change to

account for direction:

1

.4 (B 15
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Equation (B-14) yields uI when o = a1, and the resulting expression

can be used with Equation (B-4) to eliminate u.:

This is put into Equation (B-15) to obtain, in reduced form

Integration at constant uc >1 Gc>2a,1 -l gives

There are two special cases of interest:

a'i61

(B-17)

a G2 =2a-l12:a,1

For Line D, Equation (B-14), again with the sign on u changed, is

used with

UA.

to give, in reduced form,

Equation (B-16) is used to eliminate a, and integration performed, the

initial condition being that D originates at (I., x.):
1 2

)r- V B_8
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This gives (t) on Line D. A special case is the point 0, r L )

T (B19

Elimination of between Equation (B-16) and Equation (B-18) gives

0(T) along D,

(B-20)

The terminal value is aL = 2 2a-I, or

4-~; ( i / (B- 20a)

The necessary equations are now at hand. Their use is as follows.

The desired parameter uI is chosen. and the value of A M/A 1 needed to

achieve it calculated from Equation (B-li) . Equation (B-13) is used to

get ". and ToI and these, with a,, are used in Equation (B=17, B-20)

to get t0 T 0 Finally a is computed as 2C -Io The desired (r)

relationship at 9 = 1 is given by o2 (1L) o If it is desired u(.V ,T)

is obtained as follows-

(a) In region bounded by A, B, and Cz Equation (B-12), 1>0>01

(b) In region bounded by D, E, and F. Equation (B-16), a I>o> 2

(c) Along Line C. Equation (B-13), i>0>01

(d) Along Line De Equation (B-18, B-20), o>G>2

The entire region where the waves overlap can be determined by

Steps (c) and (d) above by assuming intermediate values of 0 between1

I and the value of particular interest,

Process at the Tube End-

Here the relationship a ( L ) is represented as o(r) for intermediate

values along g = 1, from T = i to a terminal value T L corresponding to

the a1 of interest0 Of primary interest is p(t) at the end of the tube

for a given a From Equation (B-i),
1

jA~~ -jig21
- at -
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As the u(t), or 2(T L), relationship is given by the solution of the

equations derived previously, p(t) can be determined.

Accuracy of the "Centered Wave" Theory.

As mentioned previously, Rudinger [12] has shown that if the incident

wave is centered, the reflected wave is not6 The exact solution for the

region where the waves overlap can be obtained with Riemannts method

of characteristics. The calculation involves the hypergeometric. function

which can be represented, for i-itegral -values of n/2, by a finite series

with n/2 terms,

Table B-1 gives values of (c) computed both by the 11centered
L :L

wave" theory developed here and by, the exact methoda It will be noted

that the error in time of expansion is given in the last columna

There are three limits imposed on values of C o In a shock tube

driver section, the minimum value is 0.500 [12], In the rarefaction

tube as described here, its minimum is (n-l)/n. The third limit is set

arbitrarily by the assumption that p /'p need not be less than 0.3

(70 per cent pressure drop) in the experiments to be performed. Then

the minimum a is1

These limits are tabulated below,

Theor, Limit Practical Limit

1

n y1 -1 -" Co =2 [1 + (0.3)l+n

4 5/3 0,750 0.893

6 7/5 0.833 0,921

8 9/7 0.875 0.937

10 11/9 0,900 0.948

12 13/11 0,917 0.956

14 15/13 0.923 0,961
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At the limiting a values given above, it is seen from Table B-I that the

time error at the theoretical limit is ot the order of 3 per cent; at

the practical limit, less than 1 per cent0

It is concluded that the centered wave theory, giving TL (a ) values

well within the limits of experimental accuracy for the conditions employed

in experimentation, is an adequate substitute for the more cumbersome

exact theory. The conclusion is supported by the facts that the first

of the initial assumptions is definitely poor for large fractional pressure

drops and. the fifth is questionable0

Exper imental, Confirmation.

Rarefaction tests have been made in both a 4-inch tube (see Section

IV) and a 1-inch tube, with A /A and L varied over wide ranges. Variation

in n and a was achieved by the use of air, and helium. Equation (B-1I)

is considered amply verified0  Excellent agreement between predicted and

observed T L(L) values is also found when a1 does not crowd the practical

limit and the tube length is not greater than about 60 diameters.

When the value of cI approaches the practical limit (Ml about

0.5) or the tube is long, wall friction resisting the flow of Zone I gas

is significant it has been found that a good first~order correction

to P2 at the foot of the rarefactioican be made by assuming that the

conventional pipe friction equations apply, the pressure at the mid-

point of Zove 1 being the value predicted for the assigned a10
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TABLE NO, B-I

COM1PARISON OF CENTERED WAVE THEORY TO EXACT THEORY

y n a 1  Centered Wave Exact Percentage Error

(L)cw L)ex i00x ew-' ex

L) ex-i

5/3 4 0.950 1.24144 l24143 --
0.900 1660195 1,60156 0605
0,850 2.17479 2,17201 0.2
0.800 3.16667 3614815 0.9

7/5 6 06950 1639476 1.39467 -

0°900 2o10477 2.10183 063
0.850 3M53710 3o49563 1.7

9/7 8 0.950 1o57575 1657531 0.08
0.900 2.83745 2.81916 1,0
0.850 6.21058 5.90322 6.3

11/9 10 0.975 1.30946 1630941 0,02
0.950 1679013 1o78877 0.17
0900 3i93148 3.85858 2°6

13/11 12 0.950 2o04510 2°04155 0.34
0.900 5.62044 5.37461 5.6

15/13 14 0,950 2.34965 2o34152 0.6
0.925 4.13751 5o04529 3.0



APPENDIX C - TABLES

TABKE NO. II

SUMMARY OF PROPELIANT PROPERTIES

Propellant .....A . ... B C...

Density lb/ft3  109 106 106 95o4

Heat capacity*
Btu/(ib) (0F) 0.030 630 .31 0.40

Ther ial Di ffusevity
ft 2 nr 6°5 x i 3  5.4 x 1 "  7.6 x: 10 7.6 x 10 1

The-nnal ReSponsivlty(p ) as 1 2

Btu/(thr) I/ ft2 F 2i64 2.56 2.86 3.32

Oxidizer Crystal (N4-+) C)0O (1) 2Cl00 (N.H).C1OI0. N 4NO3

Fuel Binder Polysulfide PoFyurthane ED/ rubber

*This is a calculated value based upon literature values for heat
capacities of the oxidizer crystals and measured fuel-binder heat capacities.



TABLE NO, III

SUMMARY OF PROPELLANT IGNITION DATA FROM HIGH

TEMPERATURE, ATMOSPHERIC FURNACE

Initial Propellant Temperature 26 ± 2 0C

Propellant Furnace Ignition No. of RMS (. 1A Furnace
Temp. Time (e.) Samples Deviation 1/2 Flux
OK* Se. _ _ Se. _ - Btu(se6)(ft2)

A 1005 19.10 12 0.80 4.37 5,1
A 1201 4.77 12 o.16 2,18 10.4
A 1403 1.62 10 O.0e4 1.27 19.3
A 1595 06,64 11 0.02 0.80 32.4
A 1785 0.35 8 0-05 0.59 50.9

B 1201 4-65 11 0.30 2.16 10.4
B 1403 1.61 13 0.06 1,27 19.3
B 1595 0,58 13 0.02 0.76 32.4
B 1785 0.29 9 0.04 o54 50.9

C 1201 4.54 10 0.06 2.13 10.4
C 1403 1.55 18 0.07 1.25 19.3
C 1595 0.55 11 0.04 0.74 32.4
C 1785 0.20 8 0m06 0.45 50.9

D 1201 8.71 6 0.13 2.95 10.4
D 1403 2.97 14 0.08 1.72 19.3
D 1595 1.49 11 0.08 1.22 32.4
D 1785 0.74 10 0.04 0.86 50.9

* This temperature includes a correction to make the thermocouple
reading agree with a U. S. Bureau of Standards calibrated thermocouple.



TABL E NO. IV

IGNITION DATA FOR A PROPELANT IN HIGH

TEKPERATURE, ATMOSPHERIC FURNACE

,rop( .! nt Furnace Ignition NO. of Average e.i1/a Furnace Calculated
To '.p7,' Yemp Time (9i Samples Deviation .ec A/ Fusx T

Q.Sec -Sec., Btu/(Sec) 2 (ft 2 )

60 10'83 8.78 5 0.06 2,96 6.9 371
'60 1283 2.73 6 0.10 1 65 13.5 405
6o 1483 096 6 0.02 0.98 24.1 425
6o 1685 0.41 6 0.01 0,64 40.4 458

1083 10.8 5 0.14 3.e22 6,9 369
3( 1283 3,20 6 0.05 1.79 13.5 406

1483 .14 9 0607 1.07 24.1 427
1685 0.47 5 0,:02 o,.69 40.4 457

1083 13.40 5 0.24 3i66 6,9 385
O 1283 3.78 4 0.10 1,94 13.5 406

1483 1.25 5 0.02 1.12 24.1 417
o 1685 0.54 5 0,02 0.73 40.4 458

1083 14.94 5 0.15 3.87 6.9 376
-3" 1283 4.57 5 0.13 2.14 13.5 414
-20 1483 1.64 5 0.02 1.28 24.1 447

1685 0.69 6 0.01 0.83 40.4 468

-6o 1083 17.80 5 0.70 4.22 6.9 384
,6c 1283 5.40 5 0.10 2.32 13.5 425
-60 1483 1.94 4 0.02 1.39 24.1 459
-60 1685 0.85 6 0.02 0.92 40.4 481

3*Calculated for r = 2.64 Btu/(hr)I/2(ft2)(OF) and a surface flux equal to
90 : of b!:ick body flux.



TABLE NO0 V

SIRWAY OF A PROPELAT IGNITION DATA FROM LOW
TEMEATURE, SAlED FUNACE

Initial Pro.pellant ,Temerat-ure 26 ± 1 0C All Tests in

Air or Nitrogren

Furnace Furnace Ignition Nc. of Average i
Pressure Temp. Time (6.) Satples Deviation
Atms OK Se. See. Secol/ 2

0.18 908 52,25 5 5.3 7.23
0.18 1125 10.34 5 ll 3.22
0.18 1248 5t,62 5 O27 2.37
C.18 1347 3.31 5 0,13 1.81

0.52 908 44.3 5 363 6,65
o.,52 1125 9,85 0.55 3.14
O.52 1248 5.38 0 0.12 2.32
0.52 1347 2.89 5 0.23 1.698

0.85 908 40.4 5 1.8 6.36
0.8t 1125 9.4 5 0.57 3.02
C.85 1248 4o71 5 0.25 2.17
0.85 1347 2.62 5 0.17 1.617

4.25 908 28.6 5 0.94 5,34

4.25 1125 6.75 5 0,10 2.60
4.25 1248 3.48 5 0.21 1.87
4.25 1347 2.23 5 0.10 1.494

11.05 908 23,55 5 1.45 4.86
11.05 1125 6.16 5 OoLO 2,48
11,05 1248 3.08 5 0.4+ 1.75
11.05 1347 2.08 5 0.23 1.442



TABLE N 0. VI

SUMMY OF B POPELLAT IGITION DATA FROM

LOW TEMPERATURE 9 SEALED RACE

Initial Propelant- Temperature 26 A- 1 0 ;All ,Te-ts

In Air -or Nitrogen

Furnace Furnace Ignition Nod of Average e, i/a

Pressure Tempo Time (Ge) Satples jeviation 1
Aitms .K _Sec . Se. Se-. 1 /2

0.18 1000 21681 3 0.21 4.67
0o18 1125 17.81 3 0651 4-22

0.52 1000 23a20 2 0O.20 4,82
0,52 1125 9.27 3 0.47 3,08
0.52 1347 2.47 3 011 1.57

0.85 1000 18o12 3 0.73 4.26
0.85 1125 8o13 3 0.16 2.85
0.85 1347 2.33 3 0°26 1.53

4.25 1,000 17o52 3 1.63 4o19
4.25 1125 7o60 3 0o31 2.76
4.25 1347 2.00 3 0.15 1.41

1105 1?00 12,98 3 0.29 3.60
11.05 1125 5.92 3 0o15 2.43



TABLE NO. VII

SUMKARY OF C PROP9IANT IGNITION DATA

FROM LOW TEMPERATURE, SEALED FMACE

Initial Propellant Temperature 26 ± 1 0C AU

7e0ts. inAir or Nitrogen

Furnace Furnace Ignition No, of Average 0.1
Pressure Temps Tme (8 1 ) Samples Deviation I

Atms 0K Sec - ___ Sec, Se-c,/

0.18 908 608 5 3,6 7.79
0,.18 1125 7.97 5 0.64 2.82
0.18 1248 4.07 5 0.43 2.,44
0. 18 1347 1.79 5 0. lL 1.34

0652 908 54.2 5 7.9 7.36
O. 52 1125 8,17 5 0.77 1.60
0,.52 1248 3.33 5 0G.24 1.83
0.52 1347 1,84 5 0.02 1.36

0.85 908 50,4 5 2.6 7.09
0.85 1125 8.22 5 0.94 2.87
0.85 1248 3.30 5 O.31 1682
0.85 1347 1. 94 5 0.06 1.39

4.25 908 40.8 5 3.7 6.39
4.25 1125 7.40 5 0.28 2.72

4.25 1248 3.34 5 0.22 1.83
.25 1347 1.74 5 0.07 1.32

11.05 908 30.4 5 1.0 5.51
11.05 1125 7.21 5 0.26 2.68
11.05 1248 3.44 5 0.08 1086
11.05 1347 1.85 5 0.06 1.36



TABIE NO. VIII

SUMMARY OF D PROPEL T IGNITION DATA

FROM LOW TMPERATUR, SFALD FUNACE
12ttal Propellant Temperature 26 + -10C Al!

Tests in Air orA itrogen

Furnace Furnace ignition No0 ofa Average
Pres sure Teipe Time (e) Samples Devi ation

Atms O KSeco - _ Se.-

0.85 1000 3'8.2 5 2.04
o, 85 1125 12.6 5 0.65
0,85 1248 7.13 :6 0o33
0.85 1357 4,13 6 0.22

2o55 1000 29•5 6 1.30
2.55 1125 100 8 0,54
2o55 1248 5o35 5 0.13
2.55 1357 293 6 0.14

4.25 1000 24.4 6 1.80
4o25 1125 10.31 6 O°62.
4.25 1248 5o13 5 0.76
4.25 1357 2.80 5 0o18
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TABLE XII

IGNITION OF C PROPELLANT IN NITROEN

Run No. 802-4 '802-5 802-6 803- 1 803 -3

Orifice 5/16" 5/16P" 5/16" 318" 3/8" 3,/8"

M 3.2-9 3.01 3.54 2.81 2.57 3.25

P ps ia 2,68 258 242 258 268 262

% Driver Air 3.0 T6.2 0. -8 9,°3 12.7 3.1

P4 psia 150 145 135 150 172 150

P4 s pia 2:07 202 1901 202 215 210,

T K 16,49 1460 1859 130 1121 1612,0,

ei msc 4.5 6,5 5.4 5.2 9.9 4.6

(T1) OK 302 303 3,04 300 3101 301

h BTU/hr ft °F 368 365 337 493 537 493

I a
ei 2osM 2  2o1 2.6 2°3 2,3 3.2 2.1

1

6T. °K 256 255 295 252 19,6 317
1

q BTU/sec ft2 213 178 226 196 108 262



- TBME XIII

IGNIMON OF A PROPELLANT IN AIR

Run N.728 -1 728-2 7 28-3 784 785 2- 2

Orifice 5/116"' 5/161 5/6 5 5/1,6" 1/4"1 1/4" 38

m2..,8:6 3.07 3.41 3. 38 3.47 3.5a 3. 501

P sa3'12 302 28 312 3,42 -33

% Driver Air 7.1 3.8 0M 0.7 0.:6 0G.6 G.6

P4 psi a 1818 17,0 180 177 175 2019

P4 pia24 30 23 20 245 2-60 2510

T K1.3 47 1729 1711 1811 18,05 1813

e. nscn~, 1,0 ,2 9.10 9.2 7.6 37

(T) 0 K 303 303 304' 3.05 305 306 307

h BTU/hr ft 2 01? 433 400, 398 39 7 2167 285 581

2 MSc 2 nj 3,2 2.7 3.0 3.0 2.8 1. 9

~T K 304 320 356 298 272 343

q BTU/sec ft 2  187 232 231 191 191 347

3 msc 2 mac 3 msc igni-
after after after tion
rare- rare- rare- coin-
fc-~ fac- fac- cides
tion tion tion with

rare-
fac-
tion
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TABLE XV

IGNITI-ON OF B P5ROPELLANT IN AIR

Run No. 728- 8 730-1 730-2

!Orif Ice 3/"5/16"' 1/4"

14 .23.52 3.57

P "Pia333336

% D-river Air 0.,6 0.6 0. 5

IP4 psia 20Z22O0

P 1psia, 2810 265 284

T 6-0K 1849 18,04 1886

e. fsc 322. 0 2.2

(T) OK 3 08 303 304

h BTU/hr ft 0F 615 441 304

e. msc 2  1.8 1.4 1.5

AT. 0 K 3:65 225 193

q BTh/gsec ft 2 391 314 255



TABLE XVI

IGNITION OF B PROPELLANT IN OXYGEN'

R~un No. 827-3, 827-4 $27-5 827-6 82747

Orif ite 3/8" 3/8"1 3/8" 3/8" 3/8"1

m 1  3.45 3,23 3.27 3.51 2.87

, psa 259, 259 3523632

% Dr-ver Air '0 i8 3A1 2.a8 0.5 6.0

ps ia14 153 21,8 215'205

P4 ' .psia 200 1 '8 272 2-88 2 70

T I Ox 1767 1571 1591 181011 1334
4

e. masc 4.5 6.3 3.,0 2,0 2.47

OT) K 299 3100 301 302 302

h BTU/hr ft 0F 573 475 6111 632 628

hA!T1i BTJ/sget ft 2 278 244 322 40.0 245

2ms C2  2.1 2.5 1. 7 1.4 2.5

Extin- Extin- Exti-n- Extin- Extin-
guished guished guished guished guished
1:0% bur- by rare- by rare- 75% bur- 50% bur-
ned away faction faction ned away ned away

but but
reignited reignited



TABLE NO. XVII

COMBUSTION RESPONSE TO R ACTIONS

Propellant Initial Nitrogen Per Cent Drop Observations at
___-__ Pre.sure ,pSi -in, Pressure Light Signal

A
(AP-!PS, ! % Al) 450 21 Reduced, Stable

44 Large Reduction

135 30 Reduced, Stable

44 Large Reduction

(AP-PU, 2% A) 450 21 Reduced, Stable

44 Out

145 30 Out at second wave

44 Out

C
(AP-BD/.VP, no Al) 460. 60 Reduced after flash

140 54 Reduced after flash



TABLE XVIII

SMARY OF INITIAL SURFACE TEMPERATURE RISE

Rectangular Section 1 7/8-inch Shock Tube

Run No. (P (P ) Adjustedi ~~ ~ ....... o for

717-5 2.02 14.5 11. 7
717-7 2.06 14.2 11.4
717-8 2.16 13.6 10.9
718-1 2.03 1443 11,5
718-2 2.56 20.1 16.2
718-4 2.34 23.0 .85 Orifice No. 3
718-5 2.52 21.9 17.6 Gage No. 4 (Glass)
718-7 250 20. 5 16.5 Driver Press. (150 psig)
718-8 2.73 21.9 17,6
718-12 2.70 21.5 17.3
719-1 2.84 22.3 17.9

719-5 2.96 22.6 18.2
719-6 3.32 27.0 21.7
719-7 3.22 26.4 21.2

719,-8 3,35 24.2 19.5
719-10 3.93 26.0 20.9
719-9 3.86 26.0 20.99

720-4 2,02 15.6 12.6
722-1 1.99 13.8 11.1 I
722-2 2.23 21.7 17.6
722-5 2.53 20.0 16.1 Orifice No. 3
722-6 2.94 28.2 22.7 Gage No. 4 (Glass)
722-7 2.90 26.0 20.9 Driver Press. 250 psig
722-8 3.29 43.2 34.8
722-9 3.72 37.6 30.2
724-1 3.74 30.4 24.5
725-2 3.87 44.0 35.4

724-3 2.20 22.8 18.3
724-4 2.42 24.9 20.0
728-1 3.42 32.5 26.2 Orifice No. 3
724-5 2.40 24.9 20.0 - Gage No. 4 (Glass)
724-6 3.38 36.5 29.4 'Driver Pressure 350 psig
727-1 3.42 35.2 28.3
728-2 3.32 35.1 28.2 J

728-4 1.93 13.7 II.0-, Orifice No. 5
729-1 2.66 20.4 16.4 Gage No. 4
729-2 3.44 27.2 21.99 Driver Press. 150 psig

731-1 1.94 15.4 12.4
731-2 1.88 14.2 11.4 Orifice No, 2
731-3 2.60 24.3 19.5 Gage No. 4
7-4 .. .2,68- 244 1-9-.6 - Driver Press. 150 Pig.
731-5 3.39 32.7 26.31



TABLE XVIII (Cont.)

Run No. ME AT P*)& ( ) Adjusted
- -- 0_(_40 (PA) for r

S731-6 1.93 15.0 12.OrfeNo1
oi Orifice No. 1

731-7 2.73 24.0 19.3 Gage No. 4
82-1 3.42 312 25.1 Driver Press. 150 psig
82-2 3.48 30.4 24.4

82-4 1.94 10.5 10.4
83-1 2.62 17.7 17.5 Orifice No. 3
85-1 2.63 18.1 17.9 Gage No. 3
85-2 3.40 25.6 25.3 Driver Press. 150 psig
630-2 3.80 22.6 22.11

85-3 1o99 13.1 12.,9

85-5 2.75 22,2 21,9 Orifice No. 3
85-6 2,75 22.2 21o9 'Gage No. 3
87-1 2.76 23.,6 23o3 Driver Press. 250 psig

87-2 !99 2.58 11.7
87-3 1.93 2.56 11.6
87 -4 2°69 4.02 18.3 Orifice No. 3
95-1 2,71 3,98 18.1 Gage No. 1
95-2 2.67 4.11 18.7 Driver Press. 150 psig
95-5 2.,98, 4.10 18.7
95-6 3.38 4.49 20.41

95-7 2,00 2.68 12.2
95-8 2.03 2.70 12,3 Orifice No. 3
95-9 2.78 4.19 19.0 Gage No. I
96-1 2,88 4.95 22.5 Driver Press. 250 psig

918-5 2.77 4.65 21.2

96-3 2.21 4.03 18.4'
96-4 2.19 3.68 16.8
96-5 3.40 5.71 26.0 Orifice No. 3
96-6 2.27 4.17 19.0> Gage No. 1

918-2 2.20 4.12 18.7 Driver Press. 250 psig
918-3 2.42 4.18 19.1
918-4 3.49 5.94 27,0-



TABLE X1X

SUMMARY OF NOZZLE HEAT TRANSFER DATA

Driven Gas: Air Rectangular Test Section

I 7/8-inch Shock Tube

Run No, Heat Flux Mi P4  ATo0 P4 T4  h

Gage (ps ia) Btu l b Btu
______ _______ _____ (01<) (psia), ('.K), ~ scf~h t

718-1 Glass 2,.03 128 14.3 152' ,812 189 71.5 21.2

7188 'Glas-; 2,73 ill 21.9 148 I290 157 54.6 15.4
719-8 Glass 3. 35 93 24.2 146 1770, 141 45w6 12.,6

720-4 Glass 2. 02 192 156 232 808 3,06 112 34,2
722-7 Glass 2.9 0 173 26,0 243 140-0 250 85.4 24.0

722-8 Glass 3.29 172 43 2 238 167,0 348 77.9 32.8
724-3 Glass 2, 20 238 22, 8 327 915 420 14-6 45.6

728-1 Glass 3,42 244 32.5 325 1720 307 103. 2 27.4

728-2 Glass 3o32 236 35,1 323 1650 298 105 27,1

82-4 Pyro-ceram 1.94 121 10.5 148 724 249 70.4 30.2

85-1 Pyro-ceram 2.63 111 18.1 145 1135 1,83 58.0 19.5

85-2 Pyro-ceram 3.40 107 25.6 136 17OG 211 43.2 18,8
85-3 Pyro-ceram 1,99 199 13,1 238 784 314 114 35.7
85-5 Pyro-ceram 2.75 170 22,2 232 1282 264 86,1 26.4

87-3 Alumina 1.93 120 2.56 139 736 208 69.0 24.1

87-4 Alumina 2.68 115 4.02 148 1221 191 55.1 19,0



TABLE XX

SUMARY OF NOZZLE HEAT TRANSFER DATA

Driven Gas: Air Triangular Test Section
4-inch Shock Tube Heat-Flux Gage Substrate

1.3  r
Run No. N1  P' T G 2 h - hIT 4  2
R_--__ -o- qsec ft BTU/hr ft2 "F BTUr/br ft ...-oFl*3 BTU/hr ft 2 0F

421-1 2.50 131 1040 128 424 44.5 0o178
422-1 2.53 134 1110 126 434 44.2 0.167
422-2 3.09 122 1480 102 389 36.3 0.138
422-3 2.45 114 1020 49 190 20.1 0.153
426-1 2.49 134 1040 57 202 21.3 0o172
427-6 2,55 144 1110 59 198 20.2 0.168.
427-2 3.02 144 1458 52 230 21.9 0.146
504-1 3.45 121 1705 40 219 19.5 0.132
504-2 3.88 116 2110 34 240 20.,3 0087
505-2 2.51 134 1050 89 338 34.8 0164
505w3 2.96 129 1420 74 307 29.8 0, 131
506-1 3.44 123 1732 !65 298 26.6 0.129
5.06-2 4.02 118 2330 53 243 19.3 0M082
506-3 3.17 129 1515 106 438 40.9 0.145
506-4 3.47 124 1780 94 374 32.8 0.123
509-1 3,88 120 2190 81 327 27,3 0.097
527-1 3.14 224 1520 125 446 39,1 0.200
527-2 3.52 212 1780 110 49,0 43.0 0.215
527-3 3.06 240 1510 84 328 30.7 0.212
527-5 2.96 205 1380 171 652 61.6 0.241
528-1 3.60 217 1850 162 615 53,5 0.160
528-2 3.39 268 1630 90 438 39.8 0.335
528-3 3.56 285 1810 91 391 34.3 0.275
530-1 3.46 270 1690 200 540 48.6 0.231
604-1 3.00 124 1420 73 317 29.9 0o139
712-2 3.60 265 1750 130 610 54.4 0.263
712-1 2.85 252 1335 148 599 57.6 0.277
712-3 3.10 300 1555 235 785 72.0 0.257
712-4 3.54 270 1815 196 682 59.9 0,258

*This is the effective value for air and was calculated from phe ilitial

discontinuous temperature rise. For the gage f was 5.52 BTU/(hr)2 (ft )CF).



TABLE OF NOMENCLATURE

A constant describing the reaction rate in the propellant, Equation (9)

B constant describing the reaction rate of the surface propellant

reactions, Equation (1)

C heat capacity of propellant or heat flux gage

E activation energy fox ignition rea:ctions, Equations (1) and (9)

f heat flux; f ) surface heat flux; ft, energy generation rate pers

unit surface area as a result Of surface ignition reactions

G gas mass velocity at gage or propellant surface

H constant in Equation (9)

h1 surface heat transfer coefficient

I constant in Equation (2)

k thermal conductivity of propellant or heat flux gage

M incident shock wave Mach No.; M or M- at end ;of shock tube

minus slope of d in e./d In p, Equatioin (13)1

N see Equation B-2
p pressure; p reference pressure, 100 psia; p4 pressure behind

incident shock wave; p4
t final, maximum pressure behind incident

shock wave

qt energy generation rate per unit volume as a result of ignition

reactions

R gas constant

S see Equation (3); a see Equation (10)

T absolute temperature; T surface temperature; Tsi, calculated

surface temperature at the ignition time; To , initial propellant
- 0

or gage temperature; Ti., propellant or gage surface temperature

after initial discontinuous temperature rise; T or T 4 1 calculated

gas temperature at p4 ; AT = T - T
0 o

1 square root of product kpc

E time; ei, ignition time

p density of propellant or gage
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I denotes evaluation at experimiental igition time

o initial value

S denotes evaluation at a surface
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